1.
A comprehensive study of the evolution of physical structure and mechanical properties in the conversion of acrylonitrile-based precursor fibers to carbon fibers is being carried out. This work is being done with copolymers of different compositions (itaconic acid, methyl acrylate, etc.) and molecular weights produced by continuous polymerization.
2.
Methods of modifying the structure of precursor and intermediate fibers are being explored. Significant among these is a high temperature, pre-stabilization drawing process which yields precursor fibers of much higher order than those from conventional processes. The evolution of order during oxidative stabilization of these high temperature drawn fibers follows a different course from those of conventionally drawn fibers. Preliminary indications are that this higher order could lead to superior mechanical properties in the carbon fibers.
3. Calorimetric analysis of fibers under dimensional constraints, developed by others for studying crystallization in oriented rubber, has been adopted for studying the solid state chemical reactions in acrylic fibers. November 28, 1983 4. The combination of sonic modulus and wide angle x-ray diffraction measurements has been shown to be appropriate for monitoring changes in orientational and lateral order during thermal processing of acrylic fibers. Studies are being initiated to incorporate dynamic thermo-mechanical measurements in such characterization. 5 . Methods of increasing the rates of oxidative stabilization are being explored. Plasticization through the incorporation of very low molecular weight (=z2000 gm/mole) polymer in the precursor and the use of special temperature profiles are being studied as possible routes for achieving rapid stabilization without deterioration of mechanical properties.
6. Work at Georgia Tech on carbon fibers has led to a significant interaction of the faculty involved in this research with current and potential producers of carbon fibers. Significant contribution has been made towards the development of a possibly low-cost carbon fiber by a major fiber producer.
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ABSTRACT (Continue on reverse side if necessary and identify by block number)
A complete facility has been designed and constructed to prepare carbon fiber under carefully controlled conditions from selected monomer and polymers. The facility includes laboratory polymerization equipment for preparing and characterizing acrylonitrile copolymers; a spinning dope preparation unit for preparing polymer solutions for extrusion; fiber wetspinning equipment for conversion of polymer to fiber form; two linear ovens for programmed heat treatment of fiber to produce a stabilized yarn; and (CONTINUED) Initial studies have concentrated on preparation and characterization of polyacrylonitrile polymers and copolymers of known composition and properties. One series of polyacrylonitrile samples with viscosity average molecular weights between 45,000 and 2,000,000 have been prepared to investigate the effects of end-groups on stabilization behavior. Preliminary analysis of a differential scanning calorimetric (DSC) study on these samples suggest that two distinct mechanisms are involved in stabilization, at least one of which is molecular weight dependent. A more detailed analysis of the DSC data is underway.
Samples of PAN copolymer fibers have been prepared with different levels of stretch in the gel state and in the plasticised state. X-ray diffraction and sonic modulus are being employed to characterize the molecular orientation in these samples. Carbon fibers are produced from precursor fibers (acrylic, pitch or rayon) by a series of thermal treatments, usually in the presence of an oxidizing atmosphere. The "stabilized" fibers that result from these thermal treatments are subjected to temperatures in the range of 1000 -3000°C to produce carbon or graphite fibers. Typical carbon fibers have tensile strengths of the order of 200 to 400 x 10 3 psi and moduli of 30 to 90 x 10 6 psi. These properties combined with the low density of carbon fibers give very high strength and modulus-toweight ratios for carbon fiber composites.
SECURITY CLASSIFICATION OF THIS PAGE(When
As is generally the case with new developments of significant commercial interest, most research on carbon fibers has been empirical, directed toward increased production speeds and circumvention of specific problems (e.g., fiberresin adhesion) that arise. 
II. OBJECTIVE
The objective of the project is to develop fundamental relationships between precursor structure and properties of derived carbon fibers. Carbon fibers produced from polyacrylonitrile based precursors is the primary focus of the investigation. Comonomer type, copolymer composition, fine structure developed in fiber extrusion, and precursor orientation will be related to carbon fiber structure, morphology, modulus, tensile strength and electrical conductivity.
A major part of the effort during the first year of the project has been directed toward development, installation and testing of equipment necessary to convert monomers into carbon fiber under precisely controlled conditions during each step of the process. The various components of this carbon fiber facility are described in Section III.
Initial studies have been directed toward investigation of the effects of precursor chemical structure on properties of the derived carbon fiber. These studies are described in Section IV.
Proposed work during the second year of the contract are outlined in Section V. The fiber can be stretched further by varying the relative speeds of godets 1 and 2. Additional washing can be carried out also by both spray and dip on godet 2.
III. CARBON FIBER PREPARATION FACILITIES
Fiber collapse is accomplished on godet 3 which is equipped with an internal heater and temperature control system. Either stretch or relaxation can occur between godets 2 and 3 depending on the relative speeds. To aid in stretching or relaxing the filaments in the zone, they can be passed over a hot pin or through a hot shoe. These devices may be used (as well as a steam tube) for post stretching of the collapsed fiber. End groups present in the polymer as a result of the initiator used or of chain transfer reactions with solvents complicates the study of comonomer effects.
Thus precursor presumably prepared from 100% PAN has a number of impurity groups present which can effect the stabilization of precursor and thereby the final carbon fiber properties.
A. Polymerization Procedures
Polymer has been prepared by both solution and emulsion polymerizations so that end-group effects and chain transfer effects can be investigated. The procedures for the bench scale polymerizations (which were eventually scaled up for the autoclave) are detailed in Table 1 (Solution) and Table 2 2. The purified DMF (50 g., 54 ml.) was added to the apparatus under N2 flow, followed by the required quantity of AIBN initiatora, the latter either added as a solid or in 1 ml. DMF solution.
3. The purified AN (10 g., 13 ml.) was added to the vessel under N2, and stirring was begun.
4. The temperature was slowly raised to 55°C, and controlled at that temperature for 22 hours.
5. To precipitate the polymer, the reaction mixture was poured into 300 ml. of methanol contained in a stainless steel blender.
6. The solid PAN was filtered ans washed with additional alcohol, and dried at RT for two days, or under vacuum at 40°C for six hours.
a The initiator concentration was systematically altered to increase the Mv.
TABLE 2
Bench-Scale Redox Procedure 1. The reaction flask was charged with 120 ml. of freshly-distilled water.
2. The temperature was raised to 35°C, and the water was stirred under N 2 f o r 1 0 m i n u t e s .
3. The N2 flow was reduced, and 2 gm. a of lauryl sulfate surfactant added.
4. Purified AN (see Table 1 for AN purification scheme) was then added in an 80 gm. quantity.
5. Quickly, 3.1 gm. of K 2 3 20 5Q and 0.0333 gm. of Na 2 S 20 5 were added in the solid form. No pH control was utilized.
6. The system was closed under a blanket of N 2, and the reaction continued for three hours.
7. The reaction mixture was poured into 500 ml. of water and the polymer coagulated with NaC1 while stirring.
8. The polymer was filtered, washed in succession with water and methanol, and dried at RT.
aThe quantities given for initiator and emulsifier were systematically altered to increase the My. The V 's of the synthesized polymers are detailed in Table 3 . The emulsion polymers compared favorably with the commercial 100% PAN precursor, Draylon T.
As expected, however, the solution polymerization gave a lower M y than the emulsion route due to the ease of chain transfer to the DMF solvent, even at extremely low AIBN concentrations (< 9.8 x 10 -4 M). Yields ranged from > 90% on bench polymerizations to as low as 40% on the scaled-up autoclave polymerizations.
Infrared analyses were conducted on the synthesized PAN polymers in an Explanation for the molecular weight effect is uncertain at this point, as is the derivation of the lower exothermic peak. Speculation is tempting, however, to attribute the peak at =250°C to initial short-chain link up of nitriles through end-group initiation. The lower the 1 7/1, i.e., the higher the concentration of end groups in the solid-state structure per unit volume, the more low-temperature initiation occurs. The high temperature exothermic DSC peak is attributed to massive, thermally-assisted nitrile polymerization and oxygen incorporation by Hay (8) . Hay also found a weaker endothermic peak masked by the strong exotherm, the former progressively increasing with and wide angle X-ray diffraction will be sought. Sonic modulus as another method for characterizing molecular orientation is being examined.
Detailed analysis of techniques for identifying defect distributions will begin after PAN samples begin to be produced on a regular basis.
Samples of good quality filaments differing in molecular orientation are being produced by incorporating different levels of stretch in the gel state and in the plasticised drawing stage. These samples will be characterized by the techniques mentioned above and the properties in tension will be measured.
Stabilization with varying degrees of contstraint (at different axial stress levels) and temperature profiles will be carried out prior to carbonization.
The morphological techniques, especially IR dichroism and X-ray diffraction, will be used for determining changes in orientational order at every stage.
D. Stabilization Studies
Several commercially available PAN based precursors have been processed through stabilization lines to check performance and provide samples for comparison with laboratory prepared polymers. Samples of Courtaulds, Draylon T, and a carbon fiber precursor manufactured by duPont were used for these studies. To establish the stabilization profile for these precursors, the maximum temperature in Section 1 of the stabilization line was determined by increasing the temperature until fiber destruction occurred. The temperature was then reduced by 10%.
Temperature of the second section was determined in a similar fashion. Finally the third section temperature was set at the lowest level that would give complete stabilization of the fiber as determined by exposing the fiber to a match flame (fiber which does not burn in this test can be considered stabilized).
The optimized profiles for each of the three precursors are shown in Figure   S . In general the Courtaulds fiber requires the mildest stabilization conditions with Draylon T while the duPont fiber was capable of higher temperature stabilization. The Draylon T required the highest temperature in the final section to achieve complete stabilization.
The procedure for optimizing temperature profiles appears to work satisfactorily and will be used with the laboratory precursors.
V. PROPOSED WORK DURING SECOND YEAR
The following PAN polymers and copolymers will be prepared and carefully These polymers will be converted into fiber under conditions that give dense, uniform fibers with minimym void content. These fibers will be stabilized under temperature conditions determined as described earlier. Maximum possible tension will be applied to the fibers during the stabilization process.
These stabilized fibers will be converted to carbon fiber under maximum possible tension with residence time of 4 minutes at two different carbonization temperatures (approximately 1500 and 2600°C).
The 98% AN, 2% Itaconic acid emulsion polymerized copolymer will be used for studies of the effect of stretch during various phases of the fiber spinningstabilization process. The precursor can be stretched in four steps in the carbon fiber process (i.e., in the stabilization bath, prior to collapse of the gel structure, after collapse of the gel structure and during stabilization).
Previous studies have suggested that maximum stretch is associated with the best carbon fiber properties but the effect of distribution of the stretch among these four possible points in the process has not been extensively examined.
All prepared carbon fiber samples will be characterized by X-ray diffraction, measurement of tensile properties, electron microscopy, and in some cases surface area and pore size and volume distribution. The observed properties will be correlated with the polymer chemical compositions, fiber spinning, and stabilization conditions.
